Melatonin binding sites were localized and characterized in the vasculature of the rat by using the melatonin analogue 2-['25I]iodomelatonin (1251-melatonin) and quantitative in vitro autoradiography. The expression of these sites was restricted to the caudal artery and to the arteries that form the circle of Willis at the base of the brain. The arterial 125I-melatonin binding was stable, saturable, and reversible.
respectively. The relative order of potency of indoles for inhibition of 'II-melatonin binding at these sites was typical of a melatonin receptor: 2-iodomelatonin > melatonin > Nacetylserotonin >>> 5-hydroxytryptamine. Norepinephrineinduced contraction of the caudal artery in vitro was significantiy prolonged and potentiated by melatonin in a concentration-dependent manner, suggesting that these arterial binding sites are functional melatonin receptors. Neither primary steps in smooth muscle contraction (inositol phospholipid hydrolysis) nor relaxation (adenylate cyclase activation) were affected by melatonin. Melatonin, through its action on the tone of these arteries, may cause circulatory adjustments in these arteries, which are believed to be involved in thermoregulation.
Melatonin, a hormone produced by the pineal gland of vertebrates, is thought to serve as a neuroendocrine transducer of photoperiodic information (1, 2) . Through use of the radioiodinated melatonin analogue 2-[125lJiodomelatonin (1251-melatonin) putative melatonin receptors have been described in specific areas of the brain (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) and retina (13) Horizontal or coronal sections of the brain and cross sections of the caudal artery (16 ,um) were cut in a cryostat at -17TC, thaw-mounted onto gelatin-coated slides, and dried in a desiccator at 40C overnight.
Binding Assays. The binding conditions used have been described (14) . Tissue sections were incubated for 60 min in 50 mM Tris HCl buffer (pH 7.4) containing 4 mM CaCl2 and 1251I-melatonin (specific activity, 1800-2100 Ci/mmol; Amersham; 1 Ci = 37 GBq). Nonspecific binding was determined in the presence of 1 uM melatonin. After incubation, the sections were washed twice for 5 min in 50 mM Tris-HCl buffer followed by 30 sec in distilled water at 0C. There was no loss of high-affinity binding when tissue sections were washed in Tris HCI for up to 30 min at 00C.
In the anterior cerebral artery, 125I-melatonin binding reached equilibrium within 60 min at 220C and was stable for at least 120 min. Excess of melatonin (1 ,uM) , added at equilibrium, was able to compete with 1251-melatonin for binding to the arterial sites, demonstrating reversibility ofthe binding. The apparent dissociation constant (Kd) was 1.27 x 10-11 M, calculated as k2/kl (k1 = association rate constant = 7.5 x 108 M-1-min-1, k2 = dissociation rate constant = 9.5 x 10-3 min-). Thin-layer chromatography (14) confirmed that the integrity of bound and free ligand was maintained during incubation ( The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
cleaned in ice-cold KHS. All incubations were performed at 370C in the presence of 95% 02/5% CO2. The inositol phospholipid hydrolysis in the caudal artery was assessed as the accumulation of inositol monophosphates in the presence of 10 mM LiCI (16, 17) . The segments (10 mm long) were prelabeled for 2 hr with myo-[3H]inositol at 370C, after preincubation for 30 min in KHS. The artery segments (n = 5) then were washed in KHS containing 10 mM LiCl and incubated for 30 min in KHS with LiCl at 370C in the presence and absence of NE (10 ,uM) and melatonin (10 nM). The treatment was terminated by adding ice-cold CC13COOH (final concentration, 6%) and transferring the vials to ice. The details of the rest of the procedure were as described before (18) . To standardize the variation due to size differences in the segments, inositol monophosphate accumulation was expressed for individual arterial segments by measuring the radioactivity in the inositol monophosphate fraction as a percentage of that associated with membranes.
To determine the effect of melatonin on forskolinstimulated cAMP formation, caudal artery segments (n = 7) were preincubated for 90 min in KHS at 37°C and then incubated individually in a total volume of500 ,Il per segment for 20 min at 37°C with and without forskolin (1 ,uM) RESULTS Autoradiography revealed specific 125I-melatonin binding in the rostral region of the basilar artery, posterior communicating, middle cerebral, and anterior cerebral arteries (Fig. 1  A-C) . Horizontal sections through the base of the hypothalamus showed specific binding also in the suprachiasmatic nuclei and pars tuberalis-areas known to contain putative melatonin receptors (6, 10, 14) . Several blood vessels were examined for the presence of 125I-melatonin binding. Specific binding was detected in the caudal artery (Fig. 1 D-F) but not in the aorta, carotid, coronary (including myocardium), mesenteric, or renal arteries. In the caudal artery, the binding sites were restricted to the smooth muscle layer.
Saturation studies and Scatchard analysis of the data using the LIGAND program (20) To study whether these arterial binding sites are functional melatonin receptors, the effect of melatonin on contractions induced by NE, a major regulator of tone in the caudal artery, was examined. Contractions of the caudal artery induced by NE were significantly prolonged and potentiated by melatonin (Fig. 4) . These effects of melatonin were concentration dependent. Melatonin (0.1-100 nM) by itself did not affect the resting tension of this artery. NE-induced contraction of the rat aorta, which does not -display specific 1251-melatonin binding, was not affected by melatonin, even at a concentration of 0.1 uM (data not shown).
In an effort to understand the mechanism of the action of melatonin on arterial contraction, the effect of melatonin on NE-induced breakdown of inositol phospholipids was studied. While NE induced a significant increase in caudal artery inositol phospholipid turnover, assessed as inositol monophosphate accumulation (basal, 2.1 ± 0.6%; NE, 86.0 ± 2.1%), melatonin alone or in combination with NE failed to significantly affect this increase (melatonin, 6.8 ± 3.2%; NE and melatonin, 85.9 ± 2.0%).
We also tested the possibility that melatonin may inhibit cAMP formation and thereby potentiate contraction induced by NE agree with those reported for the sites in the rat suprachiasmatic nuclei (7, 14) , area postrema (8) , and median eminence/ pars tuberalis (10) . Pharmacological characterization of the caudal artery binding sites showed high specificity for melatonin as do other 1251-melatonin binding sites in the rat (8, 10, 14) .
The arterial 1251-melatonin binding was found to be restricted to the smooth muscle layer. Sympathetic nerve axons, which innervate arteries, are not found in this layer but in the outer adventitial layer (22) . Therefore, the arterial 125I-melatonin binding sites are likely to be in the smooth muscle cells rather than in the sympathetic nerve endings.
Melatonin significantly prolonged and potentiated NEinduced contraction of the caudal artery in vitro in a concentration-dependent manner. This suggests that these arterial 125I-melatonin binding sites are functional melatonin receptors. A major regulator of tone in the caudal artery is known to be NE originating from sympathetic nerves (23 (24, 25) , giving rise to a transient contraction followed by a sustained response, presumably due to Ca2+ influx (23) . Therefore, we tested whether melatonin affected inositol phospholipid turnover in the caudal artery in vitro. In the presence of LiCl, while NE induced a 40-fold increase in caudal artery inositol phospholipid turnover, melatonin alone or in combination with NE failed to significantly affect this increase.
Relaxation of smooth muscle is believed to be mediated via adenylate cyclase-mediated cAMP formation and is mimicked by the diterpene forskolin (23) . Moreover, melatonin has been found to inhibit forskolin-stimulated cAMP formation in pars tuberalis of sheep (26) and hamster (27) (28) . Therefore, we tested the possibility that melatonin might inhibit forskolin-stimulated cAMP formation and thereby potentiate NE-induced contraction. Melatonin alone or in combination with forskolin did not affect cAMP levels. Thus, melatonin does not seem to act directly on the primary steps involved in smooth muscle contraction or relaxation. Arterial contraction can occur without the mediation of intracellular messengers such as inositol trisphosphate and cAMP (29) , and melatonin may use such a mechanism for its action. We have found that potassium-induced (24 mM) caudal artery contraction was also potentiated by nanomolar concentrations of melatonin (unpublished data), raising the possibility that melatonin may exert its action by regulating the influx of Ca2+.
The above data revealed expression of functional melatonin receptors in specific arteries of the rat. The physiological significance of these receptors may be deduced from their highly restricted distribution in the rat vascular system. Most of the metabolic heat from the brain is eliminated by cerebral arterial circulation (30) , of which the circle of Willis is an integral part. Similarly, blood flow to the tail of the rat as well as heat dissipation from the tail skin are important in thermoregulatory homeostasis (31, 32) . Chronic heat exposure increases plasma melatonin levels in the rat and cutaneous evaporative water loss is lower in pinealectomized rats (33) . These findings, when considered in conjunction with the present results, suggest that the arterial melatonin receptors, by modulating tone and thereby blood flow in these arteries, may work in concert with other thermoregulatory mechanisms.
